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Abstract 
The ion implantation process of Mn doped Si is examined with particular attention on the role of implantation 
temperature, implantation induced amorphisation and implantation damaged Si lattice recovery. It seems likely that 
Mn prefers to accumulate around the surface of Si nanometer scale crystals.  Further work on reducing Mn 
segregation is proposed. 
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1. Introduction 
A ferromagnetic Si semiconducting crystal with Curie temperature Tc well above room temperature will be very 
useful for the research and development of next generation microelectronics devices involving both charges and 
spins. It had been predicted previously that ferromagnetic ordering at various temperatures could be introduced in 
conventional semiconductors by incorporating sufficiently high concentration of localised magnetic moments into 
heavily doped p-type semiconductors [1]. The Curie temperature Tc is predicted to be proportional to mobile current 
carrier density and concentration of magnetic ions with localised magnetic moments, provided the separation 
between the latter is not too close to avoid possible direct magnetic coupling, in particular, for any unwanted 
antiferromagnetic ordering. Indeed ferromagnetic ordering had been observed in some Mn doped III-V and II-IV 
compound semiconductors such as Ga0.947Mn0.053As [2]. Other most common magnetic ions explored so far are 3d 
transition metals, including Cr [3] and Co [4] etc. For possible ferromagnetic ordering in Mn doped Si, a number of 
papers have appeared in the past ten years with high concentration of Mn being introduced through ion implantation 
technology [5-9], but some results were contradictory to others. It is still not easy to draw a clear conclusion from 
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these controversial results observed experimentally by different research groups. It is the object of this paper to re-
examine the technical details, with a hope for some options to guide future investigation. 
2. Mn ion implantation in Si  
2.1 Mn doping, Si versus GaAs 
The success in achieving ferromagnetic ordering in Mn doped GaAs is an excellent reference for our work on Mn 
doped Si. As appeared in literature before [2], a Curie temperature Tc of 110 K was observed for a Ga0.947Mn0.053As
sample with a current carrier (hole) density of 3.5x1020/cm3. The equilibrium Mn solubility in GaAs is about 
4x1019/cm3 at 850 oC [10]. Mn2+ substitution for Ga3+ is a p-type dopant, every Mn2+ ion contributes one mobile hole 
if activated [11]. Mn2+ ion in high spin state (3d5, S = 5/2) also provides a localised magnetic moment. The high Mn 
doping concentration, which is about an order of magnitude higher than equilibrium solubility limit, has only been 
achieved through a non-equilibrium sample preparation method. The discrepancy of measured hole density from 
magnetic high field Hall effect and nominal Mn doping level may suggest that only a portion of Mn2+ dopants are in 
the right substitutional sites and electrically and magnetically activated. Furthermore, this p-type nature of Mn2+
dopant also makes the fabrication of n-type ferromagnetic GaAs difficult. 
In contrast, Mn2+ is a deep level dopant in Si, with a few deep energy levels near the middle of energy gap [11]. It 
could be either a p-type or an n-type dopant, depending on the detailed crystallographic location it taken in the Si 
lattice.  The equilibrium solubility of Mn in Si is only about 1016/cm3 at 1000 oC [12], much lower than that in GaAs. 
Within the solubility limit, it was observed before that Mn doping decreases electrical conductivity effectively [13], 
and such a decrease of electrical conductivity disappears at a nominal Mn concentration above the solubility limit. It 
is well known that Mn diffuses quickly in Si upon thermal annealing. For very high dose Mn implantation, Mn 
silicides form easily after high temperature annealing [14].  
2.2 Mn doping in Si for ferromagnetic ordering via ion implantation 
As described by Dietl et al [1], to achieve ferromagnetic ordering in Si through Mn doping, two basic conditions 
have to be met: high level Mn doping in Si lattice up to a few at% and high mobile current carrier density up to 
1020/cm3 level. The latter is definitely achievable through chemical doping of another dopant such as B [15]. As 
Mn2+ is a deep level dopant in Si, it seems possible that ferromagnetic ordering could be achieved in both p-type and 
n-type Si, but obviously any compensation between magnetic dopant Mn and electrical current carrier dopant (e.g., 
B or P) should be avoided. Furthermore, ideally both of these high concentration doping should be achieved in a 
sample with low defect density. The key problem is the doping of Mn up to rather high concentration in Si.  
Ion implantation is a well established materials and device fabrication process working in non-equilibrium 
regime. It is also the standard fabrication tool of current microelectronics industry.  Naturally it has been used for 
the fabrication of Mn doped Si, along with other non-equilibrium sample preparation methods such as various MBE 
thin film depositions [16]. In theory, Mn ions can be implanted into Si target up to any concentration, but the real 
challenge is how much implanted Mn ions can go to the right doping sites. As a matter of fact, the strong energetic 
ion and target interaction would create substantial lattice damage, which is a detrimental factor for the transport of 
spin polarised electrical currents.  
In general, the classic receipt for elimination or even complete removal of lattice damage created by implanting 
process is to run ion implant at a high temperature, through a post implant high temperature annealing process, or a 
combination of both. An intrinsic problem associated with low solubility of Mn in Si is the segregation of Mn in 
nominal high Mn doping materials. High temperature Mn implantation in Si is a well-known method in fabricating 
Mn silicides. In order to maintain high quality crystallanity and avoid Mn silicide segregation, early efforts aimed 
for creating useful ferromagnetic orderings in Mn implanted Si were carried out at a relatively moderate warm 
temperature, i.e., at 350 oC [5, 6].  In fact, the exciting report of above room temperature ferromagnetic ordering in 
both p-type and n-type Si wafers by Bolduc et al [5] had stimulated more interest on this approach. The Mn 
implantation temperature of 350 oC turns out to be a sort of standard sample preparation condition for those 
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following up research activities. Unfortunately a more recent report with samples prepared under identical condition 
did not show any above room temperature ferromagnetic ordering [6].  
In brief, the main doubts appear to be, (1) the claim of ferromagnetic ordering is not independently confirmed, (2) 
the low carrier density for n-type Si wafer and very low carrier density for p-type Si wafer used for Mn implantation 
as compared from the theoretical prediction and the case of GaAs, (3) evidence for Mn diffusion upon thermal 
annealing, and Mn accumulation around lattice defect, and (4) evidence for the formation of Mn silicides. On a more 
optimistic approach, the observed ferromagnetic ordering, though not reproducible and weak, cannot be explained 
by any existing component phases identified so far. As for the exact Mn doping concentration in Si, it is still an open 
question. 
2.3 Ion implantation temperature 
We emphasis again the dilemma we encounter so far. In theory, elevated implantation temperature is helpful to 
reduce the lattice damage accumulation during high dose Mn implantation process, while in practice it also 
facilitates the Mn silicides growth. It is clear from published results by different research groups that Mn 
implantation at 350 oC is unable to prevent the accumulation of lattice damage created by energetic Mn ions. Mn as-
implanted samples are at best polycrystalline materials. More seriously, this moderate implantation temperature is 
also unsuccessful in avoiding Mn gathering around lattice defects. A post implant process has been applied for all 
reported works, which were carried out at a much higher temperature, e.g., around 800 oC. Bolduc et al [8] reported 
the accumulation of Mn dopant near surface and near the end of projected Mn ion range, a clear indication of 
association of Mn with lattice defects and segregation. In a paper published by Zhou et al [6], they identified Mn 
silicides formation and did not observe any above room temperature ferromagnetic ordering in samples produced 
under identical conditions as that of Bolduc et al [5].  
These results are not a surprise at all. What can we conclude from these phenomena? If the moderate 
implantation temperature failed to stop the growth of Mn silicides during the implantation process, could it mean 
that Mn implantation at even lower temperature is better for doping high concentration Mn into Si at a cost of a very 
likely a totally disordered or even amorphous Si host lattice?    
At Surrey Ion Beam Centre, 50 keV Mn ions were implanted into a commercial Czochralski (CZ) (001) Si wafer 
at room temperature to a dose of 5x1016/cm2, using the Danfysik implanter with a Mn+ ion beam current of 50 PA on 
the sample plate. As we expected, the Si lattice is badly damaged by Mn ion implantation process, as revealed from 
both Rutherford backscattering spectroscopy and Raman scattering observations. Nanometer scale Si crystals were 
also identified by using TEM. A very interesting point is that the surface of these nano crystals is Mn rich, while the 
amorphous matrix is relatively Mn poor [7].    
The very existence of nano Si crystal surrounded by a Mn rich surface layer pushed us to implant Mn at an even 
lower temperature, i.e., using a liquid nitrogen cooled sample holder with the front Si wafer temperature kept at 
around 100 K.  A brief examination on TEM did not find any nano Si crystal yet, though more detailed sample 
characterisation is still underway. No sign of above room temperature ferromagnetic ordering was observed yet. 
Actually, the ion implantation temperature is a sensitive parameter for more accurate control, as an amorphous Si 
layer had been created by Mn and Co implantation at –20 oC [4]. No indication of Mn cluster was detected in the 
nearby crystalline area.   
2.4 Post implantation annealing and recrystallisation 
If the Mn distribution in amorphous Si is homogenous, the task left for us is to find out a novel re-crystallisation 
method to re-grow Si crystal while containing all Mn in the Si lattice. Conventional thermal annealing of as-
implanted samples at high temperature for long time would definitely facilitate the Mn segregation. The formation 
of Mn cluster at the end of implantation range depth was reported before [4]. A dynamic process, like annealing 
using pulsed laser beam, seems to be an option with great potential. A pre-amorphised Si might be a better host for 
avoiding Mn segregation. 
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If the active reaction between Mn and Si in Si crystal could be “suspended” using an intermediate ion, such as H, 
it might be possible to find a low temperature dehydration process to get the final Si sample with high Mn doping 
concentration. 
3. Conclusion 
Though high concentration Mn doped Si had been predicted by theoretical modelling, such an interesting 
materials system is still not available. In this paper, we discussed the application of ion implantation technology for 
the fabrication of high concentration Mn doped Si, with particular attention on the effects of ion implantation 
temperature and post implantation annealing. To clarify controversial experimental results appeared in the literature, 
a more detailed analysis on the exact location and concentration of Mn dopant in Si is needed. The preference of Mn 
accumulation near surface of Si nanocrystal or other lattice defects is very likely related to the existence of unfilled 
Si dangling bonds. Therefore, high concentration of Mn doping in Si might be possible if the active reaction 
between Mn and Si could be “suspended”.  Furthermore, a combined high concentration of either hole or electron 
doping is necessary for establishing ferromagnetic ordering, if high level Mn doping in Si could be achieved.  
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